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When an intense beam encounters an aperture, the transmitted current depends on the properties of
the beam and the transport channel, as well as those of the aperture itself. In some cases, an increase
in the incident beam current will be exactly compensated by an increase in the incident beam area,
so that the current density at the aperture remains unchanged. When this occurs, the transmitted
beam current becomes independent of changes in the incident beam current, providing a passive
means for suppressing current fluctuations in the beam. In this article, a key requirement for the
existence of this condition is derived. This requirement is shown to be fulfilled in the case of an
idealized uniform focusing channel in the small-signal limit, but to be violated when the current
fluctuations are not small. Even in this case, the apertured transport system retains the ability to
suppress—but not totally eliminate—fluctuations in the transmitted beam current for a wide range
of incident beam currents. © 2010 American Institute of Physics. #doi:10.1063/1.3468176$
I. INTRODUCTION
While beam current modulation is essential for many
applications of electron beams, other applications require
avoiding or suppressing the natural current fluctuations
which may be introduced accidentally during beam genera-
tion and transport.1–3 When generated accidentally, these cur-
rent fluctuations can result in unwanted behavior such as
space charge wave formation,2,4 production of coherent
radiation,5 and beam halo formation.6,7 These fluctuations of-
ten occur on timescales of nanoseconds or less, and may vary
from shot to shot, making active feedback or feed-forward
correction difficult. One passive approach to suppressing cur-
rent fluctuations in intense beams involves the use of
apertures.8 Apertures are one of the oldest means for manipu-
lating beams,9 and are still widely used in diagnostics,10 halo
suppression,11 and beam transport experiments.12 In an in-
tense beam, the beam radius is correlated with the beam
current, enabling an aperture to preferentially remove charge
from high-current regions of the beam. This can also change
the properties of space charge waves propagating on the
beam.13,14 The nature of these effects depends strongly on the
details of the beam transport system used. Here, we consider
the case of an intense beam injected into a uniform focusing
channel before striking an aperture. First, a general require-
ment will be derived for suppression of current fluctuations
in an intense beam using apertures. A simple model will then
be developed for the special case of small-amplitude mis-
match oscillations in an idealized transport system and the
large-amplitude case will be studied numerically in both ide-
alized and realistic transport systems. We will conclude by
mentioning limitations on the effectiveness of this technique.
II. GENERAL REQUIREMENTS
After an intense beam is generated, its radial evolution
will be driven by a competition between space charge forces
and external focusing. When the beam is directed onto an
aperture, this competition plays a key role in determining the
relationship between the current I1 incident on the aperture
and the current I3 which is transmitted through the aperture.
It was previously shown on general grounds that for an axi-
symmetric system where there is uniform density in each








2%1 − 2 I1r2 "r2"I1& , !1"
where r3 is the aperture radius and r2 is the beam radius
incident on the aperture.15 The value of r2 depends on the
details of the beam transport system between the source and
the aperture, as well as the incident beam current I1. Equa-
tion !1" assumes that the beam radius is larger than the ap-
erture radius; if this is not the case, the entire beam is trans-
mitted and "I3 /"I1=1.
When the beam is extracted from an electron gun con-
trolled by a grid voltage VGK, the quantity "I3 /"I1 can be
viewed as the ratio of the overall system transconductance
"I3 /"VGK to the transconductance "I1 /"VGK of the gun itself.
By analogy with triodes, "I1 /"VGK is a positive value.
16
However, Eq. !1" shows that "I3 /"I1, and therefore, the sys-
tem transconductance "I3 /"VGK, may take on positive or
negative values, or may be zero. The use of apertures to
affect a system’s transconductance is not a new idea, and a
number of workers have used the deflection of electron
beams across apertures as a means for achieving high values
of transconductance.16–19 However, those systems used a
control voltage to actively sweep the beam across the aper-
ture, while the passive approach discussed here relies on the
space charge forces inherent in the beam itself, and is still
applicable even if the electron source is not a grid-controlled
gun.
“Zero transconductance” operation is particularly inter-
esting, as it serves to remove current fluctuations from thea"Electronic mail: jrharris@nps.edu.
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beam during its passage through the aperture. Equation !1"






This condition is a differential equation with the general so-
lution
r2 = A'I1, !3"
where A is a constant. Of course, no useful system can have
zero transconductance for all values of incident current, or
else the transmitted current would always be zero. However,
apertures allow the value of "I3 /"I1 to change abruptly from
unity when the entire beam is passing through the aperture,
to some other value when part of the beam is intercepted. In
principle, this allows the transmitted current to increase from
zero to some value beyond which "I3 /"I1=0. But the funda-
mental requirement remains to identify a transport system
satisfying Eq. !3".
III. SMALL-SIGNAL ANALYSIS IN AN IDEALIZED
FOCUSING CHANNEL
Consider an electron beam with negligible emittance
which has been injected into a uniform focusing channel
provided by a solenoid !Fig. 1". Unless the beam is injected
with the matched !Brillouin" radius and zero slope, it will
undergo mismatch oscillations. In the limit of small varia-
tions in current, these oscillations will be sinusoidal about
the Brillouin radius, with the characteristic wave number




where k0 is the focusing channel strength, Bz is the axial
magnetic field, q and m are the electron charge and mass, c is
the speed of light, and ! and " are the relativistic factors.20








sin!'2k0zc" + %r1 − 'Kk0 &cos!'2k0zc" ,
!5"
where r1 and r1! are the beam’s injection radius and slope,
K=2I1 / !17 kA"!3"3 is the generalized perveance, 'K /k0 is
the Brillouin radius, and zc is the distance along the beamline
measured from the start of the focusing channel. Equation
!5" can take the form r=A'I1 provided that the aperture is






In general, r1 and r1! may be functions of beam current, but
for this discussion we will assume they are constant, which
would require an injection section of zero length. If the beam
is injected into the channel with r1!=0, Eq. !6" will be satis-
fied, for example, at zA=# /2'2k0. This condition was pre-
dicted in Ref. 14 on the grounds that the radius of a beam
injected with r1!=0 will always be equal to the Brillouin ra-
dius at zA=# /2'2k0. Since the Brillouin radius scales as 'I1,
any change in incident current will be exactly balanced by a
change in spot size so that the current density incident on the
aperture, and therefore the transmitted current I3, would be
independent of the incident current I1.
IV. LARGE-AMPLITUDE ANALYSIS IN AN IDEALIZED
FOCUSING CHANNEL
The small-amplitude model presented above suggests
that with proper placement, zero transconductance operation
could be achieved at all currents for which the aperture is
intercepting part of the beam. Unfortunately, the situation is
not so simple. When the amplitude of the mismatch oscilla-
tion is not small compared to the Brillouin radius, we can no
longer use the small-amplitude approximation of Eq. !5", and







where r is the beam radius, primes denote differentiation
with respect to z, and we are neglecting emittance. Figure 2
shows a comparison between Eq. !7" and Eq. !5" for a 10
keV electron beam injected into a uniform focusing channel
with zero initial divergence, 1 cm initial radius and currents
varying between 10 and 100 mA. The axial magnetic field is
1.856 mT, which will provide matched transport for the 50
mA beam. The injection section length is zero, with the fo-
cusing channel strength assumed to go instantaneously from
zero to its full value at z=0+. The double vertical lines rep-
resent the location of the aperture for zero transconductance
operation in the small-signal limit, found to be 0.406 m from
Eq. !6". For each beam current, three curves are shown. The
FIG. 1. Axisymmetric beam transport system of the type considered in this
article. Beam is injected with current I1, initial radius r0, and divergence r0!
into an injection section, where a solenoidal magnetic field ramps up to its
final value, maintained throughout the rest of the uniform focusing channel.
Initial discussion in the text assumes an injection section of zero length. The
beam enters the uniform focusing channel with radius r1 and divergence r1!,
and is transported to a aperture of radius r3, through which a current I3 is
transmitted.
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solid line is the beam envelope obtained by numerical inte-
gration of the envelope equation. The dashed line is the
small-signal analytical result obtained from Eq. !5". The dot-
ted horizontal lines are the Brillouin radii for the given beam
currents. The three curves overlap perfectly for the 50 mA
matched beam. As the beam current is increased, the beam
radius calculated from the envelope equation increases faster
than predicted by the small-signal model, and therefore,
faster than the 'I1 dependence required for zero transconduc-
tance. This can also be seen in Fig. 3, which shows the beam
radius at z=0.406 m as a function of current !solid", com-
pared to the ideal 'I1 scaling !dashed". Similarly, as the
beam current is reduced below 50 mA, nonlinear forces
cause the beam radius to decrease more slowly than pre-
dicted by the small-signal model. These effects mean that no
single aperture location can produce zero transconductance
operation for all values of incident current. Figure 4 shows
the transmitted beam current as a function of the incident
beam current for four values of the aperture radius r3. Al-
though the system has not achieved perfect zero transcon-
ductance, it is successful in suppressing variation in the
beam current. For example, with the 8 mm radius aperture,
increasing the incident current from 31 to 84 mA only in-
creases the transmitted current from 30.7 to 32 mA.
V. SIMULATION RESULTS IN A REALISTIC FOCUSING
CHANNEL
Until now, we have assumed that the beam was injected
into a uniform solenoidal field rising from zero to its full
value virtually instantaneously. A more realistic scenario in-
volves immersion of the beam pipe in a solenoidal magnetic
field, but with the field canceled at the beam source using a
bucking coil. Figure 5 shows the on-axis field of such a
FIG. 2. Beam envelope for a 10 keV electron beam injected into an ideal-
ized uniform focusing channel, for several values of current. The magnetic
field is assumed to increase virtually instantaneously from zero at z=0 to
1.856 mT at z=0+, providing matched transport of the 50 mA, 1 cm beam.
The double vertical line at 0.406 m represents the location of the aperture.
For each current, three lines are shown: the envelope calculated from the
small-signal approximation of Eq. !5" !dashed", the envelope calculated
from numerical integration of the envelope equation !solid", and the Bril-
louin radii for the given currents !dotted".
FIG. 3. Variation in beam radius at z=0.406 m as a function of beam
current, calculated from the envelope equation !solid", compared to the ideal
'I1 scaling required for zero transconductance !dashed".
FIG. 4. Transmitted current as a function of incident current, for four values
of aperture radii, with the idealized focusing channel of Sec. IV. Curves are
determined by assuming I3= I1 when r2!zA"$r3 and I3= I1#r3 /r2!zA"$2
otherwise.
FIG. 5. On-axis magnetic field found from SPIFFE, used in Sec. V. Inset
shows problem geometry.
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system calculated using the z-r-t particle-in-cell code
SPIFFE.21 To generate this field, a 4 m long, 10 cm radius
solenoid was assumed, with a 2 mm long, 2 cm radius buck-
ing coil located at its center, as shown in the inset in Fig. 5.
The primary magnetic field has a value of 1.856 mT, as used
in the previous sections to provide matched transport for a 50
mA beam. For this discussion, the region z$0 is ignored,
and a 10 keV electron beam with initial radius 1 cm is in-
jected at z=0. The bucking field ensures that the magnetic
field on axis is zero, but incompletely cancels the focusing
field off axis, with the longitudinal field rising to %0.456 mT
!opposite to the direction of the main field" at the 1 cm beam
radius in the injection plane.
Figure 6 shows the envelope for a 10 keV electron beam
with 1 cm initial radius injected into this system with several
values of beam current. The points were generated from
SPIFFE simulation using 106 particles, a 0.5 mm by 0.5 mm
grid size, and 5 ps time steps. The solid lines were generated
from numerical integration of the envelope equation, using
the on-axis magnetic field from Fig. 5 and neglecting the
off-axis variation. This off-axis variation is most likely the
cause of the difference between the envelope and simulation
results for higher currents. The dotted lines in Fig. 6 show
the envelopes for 10, 50, and 100 mA beams, calculated from
the small-signal, idealized focusing channel approximation
of Eq. !5".
Figure 7 shows the transmitted beam current as a func-
tion of the incident beam current for four values of the ap-
erture radius r3. The aperture location z=0.406 m was cho-
sen to be identical to the “ideal” value predicted by the
small-signal analysis, as used in the previous section. Results
from the SPIFFE simulation are shown as the points, solid
lines indicate values calculated from numerical integration of
the envelope equation, and dotted lines indicate values cal-
culated from the small-signal, idealized focusing channel ap-
proximation of Eq. !5". The dotted lines are flat as expected
because the aperture location was chosen to provide zero
transconductance !"I3 /"I1=0" in the small-signal analysis.
While the small-signal analysis is certainly not correct here,
the aperture system is still able to greatly reduce variation in
the beam current. In the 8 mm aperture case, the envelope
equation calculation shows that an increase in incident cur-
rent from 31 to 84 mA resulted in an increase in transmitted
current from 26.8 to 29 mA; this 2.2 mA variation in trans-
mitted current is only slightly higher than the 1.3 mA varia-
tion in transmitted current over the same range of incident
currents reported in Sec. V.
VI. DISCUSSION
Here we have considered the transmission of an intense
electron beam through an aperture in an axisymmetric sys-
tem. We derived a ‘‘zero transconductance’’ condition which
removes current fluctuations from the beam during its pas-
sage through the aperture. With proper placement of the ap-
erture, a cold beam in an idealized uniform focusing channel
was shown to fulfill this condition for small variations away
from the matched beam current. When the fluctuations are no
longer small, the system diverged from this condition, but
was still an effective means for reducing current fluctuations
in the transmitted beam. Relaxing the approximation of an
idealized focusing channel did not significantly degrade the
system performance in the case studied.
In this discussion, we assumed that the density in each
slice of the beam was uniform. While this is a reasonable
first approximation for intense beams, real beams often ex-
hibit transverse structure. In the gun alone, transverse struc-
ture may be driven by effects such as cathode
misalignments,22 incorrect grid placement,16 incorrect focus-
ing in convergent guns,23 enhanced emission at the cathode
edge,24 and image forces.8 While the structure driven by
these effects may be arbitrarily bad, well-designed systems
seek to minimize it. Nevertheless, it is common to find in-
tense beams with transverse density profiles which are
peaked or hollow on axis. We recently investigated the trans-
FIG. 6. Beam envelope for the 10 keV electron beam, for five values of
beam current, found from simulation in SPIFFE !points", by numerical inte-
gration of the envelope equation using the on-axis field shown in Fig. 5
!solid", and calculated assuming small-signal fluctuations and an idealized
focusing channel !dotted, shown for 10, 50, and 100 mA only".
FIG. 7. Transmitted current as a function of incident current, for four values
of aperture radii, found from SPIFFE simulation !points", numerical integra-
tion of the envelope equation using the magnetic field of Fig. 5 !solid", and
from Eq. !5" assuming small-signal fluctuations and an idealized focusing
channel !dotted". Curves are determined by assuming I3= I1 when r2!zA"
$r3 and I3= I1#r3 /r2!zA"$2 otherwise.
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mission of such beams through apertures and found that al-
though there were some significant differences between hol-
low, peaked, and uniform beams at the onset of aperturing
!r2=r3", for the most part the system could be described well
by Eq. !1" when the beam’s rms radius was used.8
While an aperture can be effective at reducing current
variations in the transmitted beam, it is important to note that
it cannot completely decouple the physics of the transmitted
beam from the variations in the incident beam current. For
example, the divergence r2! of a beam arriving at an aperture
will generally depend on its current, and a beam which is
diverging or converging before passage through the aperture
will continue to diverge or converge after passage through
the aperture. Also, current variations upstream of the aperture
can launch space charge waves, thereby generating modula-
tion of the beam energy.4 While an aperture system as de-
scribed here can remove the fluctuating current component
of these waves, it cannot effectively remove their fluctuating
energy component.13,14 This energy modulation, after trans-
mission through the aperture, may serve to regenerate the
space charge waves further along the transport channel.
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